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ABSTRACT

Using piles as foundation elements had escalated as the number of high-rise
buildings as well as heavy structure (e.g. LNG tanks, silos, and bridges) had
increased through the past years. The main purpose of piles is to transmit the
loads from the shallow weak layers to deeper and stronger layers of soil to
provide the required bearing capacity or control the structural settlement. As in
most cases, the pile foundations consist of a group of piles beneath the pile cap
or the building raft, hence studying the behavior of the group of piles compared
to that of a single pile has been a scope of work for many researchers. The pile
group ultimate capacity and the settlement of the group of piles is affected by
many factors such as the pattern of piles, the pile’s diameter, the pile’s length,
the spacing between piles and the surrounding soil type and state. The behavior
of the group of piles is completely different from that of a single pile. In this
thesis, the behavior of the group of piles under vertical compression as well as
tension loads in different soil types is studied using advanced three-dimensional

finite element analyses and compared with the behavior of the single pile.

Two types of pile group action shall be taken into consideration, the first one
deals with the ultimate capacity of the pile group (pile group efficiency). The
second one deals with the settlement of the pile group under working load (pile
group action). The group behavior in both cases is compared with the single pile

behavior.

Well-documented cases of history were verified using advanced three-
dimensional finite element analyses to examine the validity and accuracy of the

proposed different soil parameters in determining the pile group settlement and
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the group ultimate capacity and consequently, the pile group behavior compared
to the single pile behavior. Then the same soil types and states of the verified
cases of history were adopted using the hardening soil constitutive law with the
same parameters and a parametric study had been performed on groups of piles
to evaluate the effect of changing number of piles, pile length and spacing
between piles on the behavior of the group of piles for both terms of pile group

action and pile group efficiency.

Key Words: Group of piles, pile group action, pile group efficiency, settlement

of group of piles, overconsolidated clay.
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SUMMARY

Rafts on piles are considered one of the most effective techniques used either
when heavy loads of high-rise buildings are to be transmitted to the deeper soil
deposits to fulfill the bearing capacity limits or to control the settlement of these
heavy buildings by transmitting the loads into more stiff layers of soil. Hence,
so many studies have been performed to help us understand the behavior of the

group of piles under reinforced concrete rafts.

The main objective of this research is to investigate the behavior of the group
of piles under reinforced concrete rafts in different soil types and the interaction
between the group of piles and the surrounding soil clusters and comparing that
behavior with the single pile behavior in both terms of pile group action and

pile group efficiency.

The research presents a numerical study using a finite element analysis method
using three-dimensional modeling of the problem of the behavior of the group
of piles in overconsolidated clayey soil. A case study reported at Alzey,
Germany (1974) of a highway bridge rested on two pile caps each rested above
6 piles is undertaken and modeled in three-dimensional models with different
constitutive laws and the results of the performed models are compared to the

actual readings measured at the field during and after construction.

Finally, a parametric study is performed to study the effect of different factors
affecting the behavior of the group of piles compared to the behavior of the
single pile in both sides of bearing capacity and vertical deformation in

overconsolidated clayey soil and very dense sand.

The thesis consists of these six chapters:

10
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Chapter (1) is the introduction to this research; it discusses the importance, the

scope and the main objectives of the research.

Chapter (2) is a literature review which briefly discusses through the past
researches the behavior of the group of piles in the different soil in terms of pile
group action (settlement of group of piles in comparison with it for the single
pile) and also the pile group efficiency (the ultimate bearing load for group of
piles divided by the number of piles compared to the load of a single pile).

Chapter (3) presents a brief discussion about the finite element method
including analysis sequence and different types of elements that may be used in
the analysis. Also, different constitutive laws in geomechanics are highlighted.
In addition, the utilized material models are provided. Finally, the finite element
analysis program PLAXIS which is used during this research is briefly

discussed.

Chapter (4) in this chapter a discussion of a case study description including
the actual location, soil profile, soil parameters, number of piles, pattern of piles,
and the applied loads. In addition, the monitored deformation values during the
construction and the operation of the bridge are introduced. A set of three-
dimensional numerical models were established to investigate the behavior of
the group of piles in the defined soil and the resulted deformation and pile loads.
Finally, the comparison between the monitored results and the numerically
predicted response of the three-dimensional model is presented at the end of this
chapter to confirm the ability of the numerical modeling three-dimensional

program to simulate the reality with close results.

11
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Chapter (5) a parametric study is presented with its results in this chapter as it
was conducted to investigate the effect of different parameters on the load
carrying capacity of the stone column. The effect of piles spacing, piles length,
and type of soil on the pile group behavior in terms of ultimate load and

settlement.

Chapter (6) the summary and the conclusions of this research are presented
ended up with the suggestions for future studies and research topics relevant to

the subject.

12



Chapter (1) Introduction

Table of Contents
STATEMENT ..ottt ettt ettt et et st e st e esteeseesseenseeseeseenseeseenseensennnans 6
ACKNOWLEDGMENT ...ttt sttt sttt e 7
ABSTRACT ..ottt ettt et b ettt e s bt et e e et e e bt et e eate s st enseeneeeneeneas 8
SUMMARY ...ttt ettt ettt sttt et e et e b e et e e st e beeneeeseenteeneesseenseeneanseeneas 10
LIST OF FIGURES ... oottt ettt et s e e s ensaesaesseenneenaens 18
LIST OF TABLES ... .ottt sttt sttt st saeenae e 26
NOMENCLATURE ...ttt sttt sttt e bt nns 27
CHAPTER (1) tneeiieeee ettt ettt e sttt e sae e e enae s st e beeneesseenseennenes 30
I INTRODUCTION.....coiiiiieiieiteiestteie ettt ettt et te e e ssaesseessesseenseensesseenseensenseenes 30
L1, TEEOAUCTION ..ttt ettt et e sttt e sab e et eesneeenbeesaeeens 30
1.2. ReSEAICH ODJECHIVES ...eeiiieiiieeiiieiieeie ettt ettt ettt e sttt esateebeeenaeensaesasaens 30
1.3. Definition of pile Sroup aCtion ..........cccveeriieiiieiiieiierieeieeste e esre e e ereeseesseesene e 31
1.4. Factors affecting pile group behavior...........cccoeviiieiiiieiiieceece e 32
1.5, THESIS OULIINE ....eoiiiiiieiii ettt ettt ettt st e et e e ebeesaeeens 32
CHAPTER (2) ettt sttt sb ettt e b e sbe et s 34
2 LITERATURE REVIEW ..ottt 34
2.1 TNETOAUCTION ...ttt ettt e st e st et esseeebeesaeeens 34
2.2. Pile group action definition ...........cccueeiuiiiiiiniieiii et 34
2.2.1. Pile Group effiCIENCY ...covuiiiiiiiiieiieie ettt ettt ens 35
2.2.1.1.  Historical Development of pile group efficiency........cccceeveevieiciienienciienieenens 36
2.2.1.2. Load diStrIDULION ..coueiiiiiiiieiieie ettt 69
2.2.2. Pile SroUP QCTIOMN ....eieuiieiieeiieeiie ettt ettt ettt e st e et e st e et e seaeebeesaneens 69

13



Chapter (1) Introduction

2.2.2.1.  Pile group Settlement...........ccoeruiiiiiiiriieiiiee ettt 70
2.2.2.2.  Methods of Pile Group Settlement ANalysis..........cccceerieeviienieeiienieeieenieeieens 74
2.2.2.2.1. Empirical COTTelations: .........cccuiieriieeiiieeiiieeriieeesteeeireeeieeeesveeeveeeeaeeeeseeeenns 75
2.2.2.2.2. The equivalent raft method: ..........coooiiiiiiiiii e 75
2.2.2.2.3. The equivalent pier Method:..........ccceoiiiiiiiiiiiiieieeeee e 78
2.2.2.2.4. Superposition technique based on the theory of elasticity .........c.cccceevevveriennnenns 83
2.2.2.2.5. The interaction factor method for a group of piles........cccecvevevviieeiiieeiieeiiieeee, 85
2.3. Statement of the Problem ..........coeiiiiiiiiiiiii e 89
2.3.1. Difference in results between calculated and monitored pile group settlement ....... 89
2.3.2. Pile group action in overconsolidated Clay..........ccccervvieiieriieiieiieeieieeeee e 92
2.4, DISCUSSION w...eeutieiuiteite ettt ettt ettt e st e e bt e et e e b e s bt e bt e eabeenbeesabeebeesateenbeesseeeseesaneans 95
CHAPTER (3) ctveeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeee s s ees e ses e e s ses e s sesaee s ees e ees e ees e seseeeseeees e 97
3 NUMERICAL MODELING.......ccicttttteiiiiee ettt eeiiee e eeeee e svreeeeessaeaeesssseeeeessaeeeennns 97
3.1 INEFOAUCTION 1.ttt ettt sb ettt et e e 97
3.2. Methods OF ANALYSIS....ccueiiiiiiiiiiiieiieeie ettt ettt e e e eebeeseaeesbeessaeeseesaneens 97
3.3. Finite Element Method............cooiiiiii e 98

3301, GENETAL ..o ettt e e e e e e et e e e ab e e e taeeebaeeeaeeeenbaeanns 98

3.3.2. Analysis procedure of finite element method.............ccoooviiiiiniiiiiiniiiie 99

3.3.3. Types OFf EICMENLS ...c.uviiiiiiiieiieciiecieeee ettt e e e ssaeeaneea 100

3.3.4. Different Methods of Two-dimensional models which simulate three-dimensional

PTODICIIS ..ottt ettt ettt et sttt e et e et et e e eaee e 103
3.4. Material Modeling BasiCs ........cccveriiiiiieniiieiieiie ettt 106
3.5. Constitutive Material MOdelS..........coouiiiiiiiiiinierieieeeeeeeee e 109
3510 GONETAL.....ciniiiie e et 109

14



Chapter (1) Introduction

3.5.2. Linear Elastic Constitutive Law .........ccceviiriiriiniiiinienieeieeeesieee e 110
3.5.3. Non-linear Elastic Constitutive Law.........ccoceeviiiiiiiniiiiiiniiieceecceeeeeee 111
3.5.4. Elasto-plastic CONstitutive LaWS .......cceeecuiiiriiiieiiieeciie e e 111
3.5.5. Elasto-visco plasticity Constitutive Laws.........ccceeeeviiiiiniiniininieniciceieeeceeen 120
3.6. Applied Constitutive laws of Soil Materials used in this research..............ccccceveeneee. 120
3610 GENEIAL. ...ttt ettt eanes 120
3.6.2. Linear Elastic Constitutive Law ........ccceiuiiiiiiiiiiiiiieiceeete e 120
3.6.3. The Mohr-Coulomb model ..........ccccueiiiiiiiiiiiiieiee e 121
3.6.3.1. YouNg’ s MOAUIUS .....cccuiiiiieiieeieeee et 122
3.6.3.2. POISSON S TALIO ...uveeutieeiiieiieiieeette ettt ettt ettt ettt e et eareas 123
3.6.3.3.  Shear strength parameters ..........cccveecuiieeiiieniieeciee e e 124
3.6.3.4.  The dilatancy angle ...........cooiiriiiiiiiiiiee e 125
3.7, INPUL PTOZIAIMN ..cenitiiiiiieeiiie ettt ettt e ettt e et e e st e e sab e e e bt e e e bbeesabbeessbeeeeabeeesabeeenanes 137
3.7.7.1.  Types of CalCulations..........cccueiiiieriieiieiie ettt 142
3.7.7.2. LOAING LYPES .eierieiiieiieeiieeiee et eieeeiteeteeeteebeessaeeteessaeesseessseensaessseenseessseenseas 143
4 CHAPTER (4) CASE STUDY ..eetotieieeiee ettt 146
O I 0315 (0T L ot 0 OSSR SUPRS 146
4.2. Case Study Description (Overconsolidated Clay)..........ccceevvievieniienienieeieeieeeene 146
4.3. Case study description (Sandy SOil) ........ccceeeeviirieriiienieeiierie e 159
CHAPTER ..ttt sttt et e st e st e e nae e st e seenseeneeseeneas 167
5  PARAMETRIC STUDY ..ootioiieieiee ettt ssa s ennas 167
5.1 INEFOAUCTION 1.ttt ettt b ettt et e eanes 167
5.2. Pile group behavior in overconsolidated clay ..........ccccoeevvevieniiiinieniieiecie e, 167

15



